Background and Purpose Neurons release nitric oxide in response to glutamate. Glutamate acts via activation of different receptor subtypes, including N-methyl-D-aspartate and kainate receptors. This study examined the hypothesis that kainate produces dilatation of cerebral arterioles that is dependent on the formation of nitric oxide.
T he excitatory amino acid glutamate affects neurons
by activation of several receptor subtypes. These subtypes, which have been defined based on specificity of agonist binding, include Af-methyl-D-aspartate (NMD A), kainate, and a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA, formerly quisqualate). 1 Studies using whole brain, brain slices, cultured neurons, and synaptosomal preparations suggest that neurons produce nitric oxide and release nitric oxide extracellularly in response to NMD A. 211 Because nitric oxide is a potent vasodilator and it is highly diffusible, it seems likely that release of nitric oxide by neurons may affect the local cerebral microcirculation. 12 - 13 Topical application of NMDA in vivo produces dilatation of cerebral arterioles 14 -16 that is dependent on neuronal activation and production of nitric oxide. 15 It is not known if activation of non-NMDA receptors also produces dilatation of cerebral arterioles. Kainate as well as NMDA has been reported to increase the activity of nitric oxide synthase and to produce nitric oxide-mediated increases in cyclic guanosine monophosphate (cGMP) in neurons. 5 - 6 -91017 " 20 Thus, the first goal of this study was to test the hypothesis that kainate dilates cerebral arterioles and that vasodilatation in response to kainate is dependent on production of nitric oxide. Some studies suggest that activation of quisqualate receptors also produces nitric oxide-mediated increases in brain cGMP levels.
68 -9 Thus, our second application, respectively. After topical application of L-NNA (300 jtmol/L), kainate dilated cerebral arterioles by 8±4%, 9±5%, and 8±6% at 3, 5, and 9 minutes, respectively (P<.05 versus the control response). In contrast, quisqualate (100 and 300 /imol/L) did not alter the diameter of cerebral arterioles. In rings of the middle cerebral artery studied in vitro, kainate had no effect on vascular tone, which suggests that cerebral vessels lack receptors for kainate. Thus, cerebral vasodilator effects of kainate do not appear to be due to the direct effect of the excitatory amino acid on cerebral vessels. 
Materials and Methods

Animal Preparation
Experiments were performed on 24 New Zealand White rabbits (weight, 2.5 to 3.5 kg) that were anesthetized with pentobarbital sodium (35 to 40 mg • kg" 1 IV). Additional pentobarbital was given at approximately 10 mg • kg" 1 • h" 1 . The trachea was cannulated, and the animals were ventilated mechanically with air and supplemental oxygen. A catheter was placed into a femoral artery for measurement of systemic pressure and to sample arterial blood. A femoral vein was cannulated for infusion of drugs.
Rabbits were placed in a head-holder, and a closed cranial window was placed over the parietal cortex as described in detail. 21 The cranial window was filled with artificial cerebrospinal fluid (CSF) warmed to 37°C. Diameters of cerebral arterioles were measured with a microscope equipped with a television camera coupled to a video monitor. Images were recorded on videotape, and vessel diameters were measured later with an image analyzer. We studied one vessel per animal. Flushing the window with fresh CSF maintained at 37°C did not alter the baseline diameter of cerebral arterioles. In all animals, responses of cerebral arterioles to acetylcholine (1 and 10 /imol/L) were measured initially to establish reactivity of the vessels.
Experimental Protocol
Three groups of animals were studied. In group 1 (n=8) we determined if kainate produced cerebral vasodilatation and whether vasodilatation in response to kainate was inhibited by A^-nitro-L-arginine (L-NNA), an inhibitor of nitric oxide synthase. 22 Arteriolar diameter was measured under control conditions and 1, 3, 5, 7, and 9 minutes after filling the window with artificial CSF containing kainate (100 //.mol/L). After 9 minutes, a higher concentration of kainate (300 /imol/L) was applied, and vessel diameter was measured at the same time intervals. The concentrations of kainate were chosen based on preliminary experiments that indicated that these concentrations produce dose-related vasodilatation. These concentrations of kainate were also of interest because we have used the same concentration of NMDA previously. 15 After the application of kainate, the cranial window was flushed immediately with artificial CSF. The cranial window was flushed with artificial CSF several times during a 60-minute recovery period. After this recovery period, during which time arteriolar diameter returned to baseline levels, the cranial window was filled with artificial CSF containing L-NNA (300 Atmol/L). After 30 minutes of treatment with L-NNA, the response of cerebral arterioles to kainate was tested with the same protocol.
In group 2 (n=4) we determined if cerebral vasodilatation in response to kainate was reproducible under control conditions (in the absence of L-NNA). Arteriolar diameter was measured under control conditions and during application of kainate as described in group 1. After the application of kainate, the cranial window was flushed with artificial CSF several times during a 90-minute recovery period. After this recovery period, during which time arteriolar diameter returned to baseline levels, the response to cerebral arterioles to kainate was again tested with the same protocol.
In group 3 (n=7), responses of cerebral arterioles to quisqualate (100 and 300 /imol/L) were examined. The purpose of these experiments was to determine if a second non-NMDA glutamate agonist, in addition to kainate, produces dilatation of cerebral arterioles.
Isolated Cerebral Arteries
Middle cerebral arteries were taken from anesthetized rabbits (n=5), cut into 3-to 4-mm rings, and suspended in organ baths with two stainless steel stirrups, as described previously. 15 ' 23 A force transducer was used to record isometric tension in vessels continuously bathed with a modified Krebs' solution with the following composition (in mmol/L): NaCl 118.3, KC1 4.7, CaCl 2 2.5, MgSO 4 1.2, KH 2 PO 4 1.2, NaHCO 3 25, EDTA calcium 0.026, and glucose 11.1 (pH 7.4). The buffer was maintained at 37°C and aerated with 95% O 2 /5% CO 2 . Vessels were gradually stretched to a resting tension of approximately 400 mg, which produced optimal contraction to KC1 and histamine. To examine relaxation responses, rings were precontracted submaximally with histamine (1 to 3 junol/L). After reaching a plateau of stable contraction, vessels were exposed to either acetylcholine, kainate, or sodium nitroprusside.
Statistical Analysis
Statistical analysis on absolute values was performed using a paired t test. For comparison of data expressed as percent change in the absence and presence of L-NNA, statistical analysis was performed using the Wilcoxon test. All values are expressed as mean±SE. A value of P<.05 was considered significant.
Results
Responses of Cerebral Arterioles to Kainate In Vivo
Arterial blood gases and pH were similar in the various groups of animals (arterial Pco 2 , 33 ±1 mm Hg; arterial pH, 7.46±0.01; and Po 2 , 122±3 mm Hg). Arterial blood pressure was 81 ±1 mm Hg. Arterial blood pressure and blood gases were not affected by application of compounds in the cranial window.
Under control conditions, diameters of cerebral arterioles were similar in all groups and averaged 91 ±5 /im (range, 46 to 127 fim). Topical application of kainate (100 and 300 jimol/L) produced dilatation of cerebral arterioles. For example, at 3 and 7 minutes, arteriolar diameter increased by 26±10% and 31±13% in response to 100 /xmol/L kainate and 44 ±14% and 46±13% in response to 300 /imolfL kainate, respectively. After the 90-minute recovery period, during which time the arteriolar diameter returned to baseline levels, the response to kainate was reproducible. At 3 and 7 minutes of the second application, vessel diameter increased by 22±15% and 31±14% in response to 100 /xmol/L kainate and 41 ±13% and 47±16% in response to 300 ju,mol/L kainate, respectively.
Dilatation of cerebral arterioles in response to both concentrations of kainate was inhibited significantly in the presence of L-NNA (Fig 1) . The increase in diameter at 9 minutes in response to the low and high concentrations of kainate was inhibited by approximately 75% and 43%, respectively (P<.05).
Pial arterioles ranging in diameter from 46 to 127 /xm were used in this study. The magnitude of dilatation of cerebral vessels in response to kainate was dependent on vessel size. There was a negative correlation between vessel diameter under control conditions and the change in diameter in response to kainate (R 2 =.68, P<.05). Thus, although all vessels dilated, small vessels tended to dilate more than larger vessels in response to kainate.
In contrast to kainate, quisqualate had no effect on the diameter of cerebral arterioles. Vessel diameter changed by 2 ± 1 % and 3±3% in response to 100 and 300 fimolfL quisqualate, respectively. The same arterioles dilated by 22 ±7% and 45 ±6% in response to 1 and 10 /xmol/L acetylcholine, which indicates that the vessels were responsive to vasoactive stimuli.
Responses of Isolated Cerebral Arteries to Kainate
In intact rings of middle cerebral artery precontracted submaximally with histamine, kainate had no effect on vascular tone (Fig 2) . The same vessels exhibited marked relaxation in response to nitroprusside and acetylcholine (Fig 2) . A similar lack of direct effect of kainate on vascular tone was observed in five experiments. These findings suggest that kainate has no direct effect on cerebral blood vessels.
Discussion
The major new finding in the present study is that kainate produces dilatation of cerebral arterioles in vivo that is dependent on production of nitric oxide. Kainate does not appear to have direct effects on isolated, endothelium-intact, cerebral vessels. In contrast to kainate, quisqualate did not produce dilatation of cerebral arterioles in vivo. These findings suggest that activation of at least one type of non-NMDA receptor, the kainate receptor, produces cerebral vasodilatation that is mediated by nitric oxide.
Effects of Excitatory Amino Acids
Glutamate is the major excitatory neurotransmitter in the mammalian brain. Glutamate mediates its effects through activation of distinct receptor subtypes including NMDA, kainate, and AMPA (formerly quisqualate).
1 Glutamate and agonists for these various glutamate receptors increase neuronal activity and the rate of oxygen consumption in brain. 24 In studies using neuronal cell cultures, NMDA and kainate increase production of L-citrulline (which reflects activity of nitric oxide synthase) 10 and cause nitric oxide-mediated increases in cGMP.
3 -5 -61018 - 25 Isolated neurons and synaptosomal preparations release nitric oxide extracellularly in response to activation of receptors for NMDA. 919 These findings suggest that activation of NMDA and kainate receptors stimulates neuronal production and release of nitric oxide.
In contrast to kainate and NMDA, the role of AMPA/ quisqualate receptors in stimulating nitric oxide synthase in brain tissue is less clear. AMPA has been reported to have no effect 18 -20 or to produce increases 58 -26 in cGMP levels. Quisqualate also has been reported to have no effect 5 -18 or to produce an increase 4 -6 -8 -9 in levels of cGMP. Quisqualate does not increase citrulline production in cultured neurons. 10 When increases in cGMP in response to AMPA or quisqualate have been described, however, they appear to be mediated by nitric oxide.
49 - 26 In the present study quisqualate did not alter the diameter of cerebral arterioles, suggesting that receptors for quisqualate were not activated during topical application or that receptor activation did not alter local metabolism.
Local application of the excitatory amino acids glutamate and NMDA produces dilatation of cerebral arterioles in vivo, 14 " 16 - 27 and this response to NMDA is inhibited by L-NNA. 15 These findings suggest that cerebral vasodilatation in response to NMDA is dependent on production of nitric oxide.
In the present study kainate produced marked dilatation of cerebral arterioles that was inhibited by L-NNA, suggesting that vasodilatation in response to kainate is mediated by nitric oxide. It is unlikely that the effect of L-NNA on responses to kainate is through a nonspecific mechanism. L-NNA inhibits activity of nitric oxide synthase in brain. 22 We considered the possibility that kainate could have direct effects on cerebral blood vessels. In isolated cerebral arteries, however, kainate had no effect on vascular tone, which suggests that structures in the vessel wall were not activated directly. These findings are similar to our previous study in which NMDA had no direct effect on tone of isolated cerebral arteries. 15 Vessels in the present study exhibited marked relaxation in response to acetylcholine and nitroprusside, which demonstrates that the vessels were capable of responding to vasoactive stimuli.
Our findings using the middle cerebral artery suggest that receptors for kainate are not present in large cerebral blood vessels. We considered the possibility that receptors for kainate might be present only in more distal blood vessels. This possibility seems unlikely, however, because glutamate does not alter the tone of isolated pial arteries and parenchymal arterioles. 34 25 Studies using NADPH-diaphorase as a marker for nitric oxide synthase and immunocytochemistry suggest that some nitric oxide synthase-containing neurons are closely associated with microvessels in the brain parenchyma.
3638
Glial cells are also a potential source of nitric oxide because glia contain receptors for kainate 39 (but not NMDA) and can produce nitric oxide in response to some stimuli. 40 However, it appears that astrocytes do not produce nitric oxide in response to NMDA or kainate. 6 Endogenous release of glutamate can potentially activate several receptor subtypes. 1 Activation of NMDA and kainate receptors produces local nitric oxide formations.^, 10, 17-20 anc j dilatation of cerebral arterioles 15 (present study). With respect to nitric oxide/cGMP production, there is relatively little information on possible interaction of NMDA and kainate receptors or on whether both receptor types are activated simultaneously. Recent evidence suggests that in adult cerebellum, increases in cGMP in response to glutamate are mediated by both NMDA and non-NMDA receptors. 8 In summary, kainate produces nitric oxide-mediated dilatation of cerebral arterioles in vivo. Kainate receptors are distributed in a number of brain regions, including the neocortex. 41 These findings support the concept that release of glutamate and activation of kainate receptors may cause neuronal release of nitric oxide and increases in local cerebral blood flow. Thus, nitric oxide may function as a "coupler" of blood flow and neuronal activity in brain. 1213 
